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Abstract: 
 
Oxidation and reduction of cytochrome c in solution through 11 different self-assembled 
monolayers (SAMs) on gold electrodes was investigated with cyclic voltammetry. Electron-
transfer rate constants of cytochrome c through the 11 SAMs ranged from ≤10-4 to ∼10-1 cm/s. A 
strong correlation between the electron transfer rate constants and the hydrogen bonding ability 
of the SAM is identified. This correlation is discussed in terms of the dependence of the rate 
constant on the outer-sphere reorganization energy, the double layer, and the electronic coupling 
between the cytochrome and the differently terminated monolayer films. 
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I. Introduction 
 
A number of workers are investigating electron transfer reactions with cytochrome c, to fully 
characterize this canonical example of a redox active protein, to clarify electron-transfer 
reactions in biological systems, and to aid in the development of biosensors and biocatalytic 
devices.1,2 It has been difficult to determine the electron-transfer rate constant of the native 
cytochrome c by electrochemical methods because of preferential adsorption of impurities and 
the denaturated and/or oligomeric form of the protein that binds to the electrode.3 Chemical 
control of the electrode surface can solve these problems, and many kinds of self-assembled 
monolayers (SAMs) have been developed as promoters.4-6 The monolayer films on metal 
electrodes are composed of molecules with a basic structure of X−R−Y, where X is a group that 
can bind to the electrode (e.g., −SH, −S−, −S−S−, −P<, and R is a bridging unit (typically an 
alkane chain), and Y is a group that can interact with the redox couple in solution (e.g., A, −NH2, 
and −COOH). Metal ions, e.g., Mg2+and Cr(NH3)63+, have also been used to improve the 
attraction between the monolayer film and the protein. Despite this broad set of work, systematic 
studies that relate the electron-transfer rate constants to the hydrogen bond/electrostatic 
interactions with promoter SAMs is lacking. 
 
 
 
The electron transfer between a redox couple and an electrode is often described by a 
nonadiabatic mechanism in which the electron tunneling probability is determined by a 
superexchange interaction.7 The total electronic exchange interaction is often dominated by 
covalent, “through-bond”, contacts between the donor and acceptor. Nevertheless, it is well 
known that hydrogen bond contacts8,9,10 and nonbonded contacts, “through space”,11 can 
contribute significantly to the total electronic coupling between an electron donor and electron 
acceptor. Such findings are most well developed for intramolecular and intermolecular systems 
but are being elucidated for electron transfer between metal electrodes and redox couples. Recent 
studies have shown that the chemical composition of the molecules comprising a SAM film has 
an important impact on the electron tunneling probability, a finding that is in agreement with the 
superexchange model for the electron tunneling probability.12 Other studies are demonstrating 
that noncovalent contacts can play a role in the electron transfer; for example, recent studies of 
the electron tunneling through alkanethiol monolayers show that the electronic interaction 
depends on the tilt-angle of the alkane chain with respect to the surface normal.13 These findings 
can be understood as resulting from electron tunneling contributions that arise from nonbonded 
contacts, or “interchain” couplings. 
 
Cytochrome c is an important respiratory redox protein that acts as an electron shuttle, or 
transporter.1 In addition to the fundamental issues discussed above, it is important to clarify the 
relationship between the interactions of lysine groups (−NH3+) on cytochrome's exterior and its 
electron-transfer function.14 The major function of cytochrome c is to transport an electron from 
complex III, containing cytochrome b and c1, to complex IV, containing cytochrome oxidase 
(cytochrome a and a3) at the inner membrane where molecular oxygen is reduced into 
water.1Cytochrome c is a positively charged protein, because of lysine groups on its outer 
surface, and can easily bind to the negatively charged cytochrome c1 in complex III and 
cytochrome a in complex IV. Cytochrome c also transports an electron from other cytochromes 
(e.g., b, b2, b5) at the outer-, the inner-, and the intermembrane to cytochrome oxidase.1 For these 
reasons, it is important to understand whether hydrogen bonding and electrostatic interactions 
between the cytochrome c and its redox partner is important for its redox chemistry. 
 
This work investigates heterogeneous electron transfer rate constants of cytochrome c through 11 
different SAMs (see Chart 1) that are of similar thickness but have very different terminal 
groups. That is, the chemical functionalities presented to the aqueous phase by the SAM are very 
different. The electron transfer rates were measured by cyclic voltammetry and were found to 
change by more than a 1000-fold in magnitude. The changes in the electron transfer rate 
constants were compared with empirically calculated Gibbs free energies for hydrogen bond 
complexation between the SAMs and the cytochrome c.15 A significant correlation between the 
hydrogen bond interactions and the electron-transfer rate constants is identified for these model 
systems, implicating hydrogen bond formation as a significant actor in cytochrome c's function. 
 
II. Experimental Section 
 
Chemicals. Horse heart cytochrome c (Sigma, type VI) was purified chromatographically in the 
manner described previously.16,17 Fluorobenzoic acid (99%), 4-cyanobenzoic acid (98%), 
piperonyl acid (99%), and N,N‘-dicyclohexylcarbodiimide (99%) were purchased from Alfa 
Aesar. 3-Furoic acid (99%) and DL-thioctamide (97%) (11) were purchased from Lancaster. ACS 
reagent grade disodium hydrogen phosphate, potassium dihydrogen phosphate, benzoic acid 
(99%), p-anisic acid (99%), monomethyl terephthalate (97%), p-toluic acid, isonicotinic acid 
(99%), and 4-(dimethylamino)pyridine (99%) were purchased from Aldrich. 2-Hydroxyethyl 
disulfide was obtained from Acros Organics. Water was purified with a Barnstead Nanopure 
system and had a nominal resistivity of 18 MΩ cm. 
 
Bis[2-((4-cyanophenylcarbonyl)oxy)ethyl] Disulfide (7). DCC (2.86 g, 13.86 mmol) was 
added to a concentrated solution of 4-cyanobenzoic acid (1.86 g, 12.60 mmol), 2-hydroxyethyl 
disulfide (0.972 g, 6.30 mmol), and DMAP (0.154 g, 1.26 mmol) in 20 mL of dichloromethane 
at 0 °C. After 1 h the solution was allowed to warm to room temperature, and stirring was 
continued for 1 day. After removal of the precipitated dicyclohexylurea (DCU) by filtration, the 
product was recovered by extraction with CH2Cl2. After the CH2Cl2 extract was washed twice 
with water, it was dried with magnesium sulfate and then evaporated under reduced pressure. 
The disulfide bis[2-((4-cyanophenylcarbonyl)oxy)ethyl] disulfide was obtained by evaporation 
under reduced pressure and recrystallization with ethanol. The product was dissolved in 
methylene chloride and chromatographed on silica gel with methylene chloride. 1H NMR (300 
MHz) CDCl3:  δ 8.145 (d, J= 8.22 Hz, 4H), 7.7547 (d, J = 8.31 Hz, 4H), 4.638 (t, J = 6.48 Hz, 
2H), 3.091 (t, J = 6.51 Hz, 4H). EI-HRMS:  calcd 412.0562 (C20H16N2O4S2 ), found 412.0552. 
 
The disulfides below were prepared by a method analogous to that used for bis[2-((4-
cyanophenylcarbonyl)oxy)ethyl] disulfide but used a different para-substituted benzoic acid 
reagent. 
 
Bis[2-((phenylcarbonyl)oxy)ethyl] Disulfide (1). 1H NMR (300 MHz) CDCl3:  8.035 (d, J = 
8.46 Hz, 4H), 7.534 (t, J = 7.47 Hz, 2H), 7.431 (t, J = 8.48 Hz, 4H), 4.599 (t, J = 6.56 Hz, 4H), 
3.091 (t, J = 6.56 Hz, 4H). EI-HRMS:  calcd 362.0642 (C18H18O4S2), found 362.0656 
 
Bis[2-((4-methylphenylcarbonyl)oxy)ethyl] Disulfide (2). 1H NMR (300 MHz) CDCl3:  7.938 
(d, J = 8.16 Hz, 4H), 7.234 (d, J = 8.10 Hz, 4H), 4.583 (t, J = 6.53, 4H), 3.087 (t, J = 6.56, 4H), 
2.408 (s, 6H). EI-HRMS:  calcd 390.0960 (C20H22O4S2), found 390.0965. 
 
Bis[2-((4-fluorophenylcarbonyl)oxy)ethyl] Disulfide (3). 1H NMR (300 MHz) CDCl3:  8.0565 
(q, J = 5.43 Hz, 4H), 7.099 (t, J = 8.69 Hz, 4H), 4.586 (t, J = 6.54 Hz, 4H), 3.078 (t, J = 6.48 Hz, 
4H). EI-HRMS:  calcd 398.0458 (C18H16F2O4S2), found 398.0454. 
 
Bis[2-((4-methoxyphenylcarbonyl)oxy)ethyl] Disulfide (4). 1H NMR (300 MHz) CDCl3:  
7.990 (d, J = 8.82 Hz, 4H), 6.902 (d, J = 8.85 Hz, 4H), 4.558 (t, J = 6.52, 4H), 3.844 (s, 6H), 
3.071 (t, J = 6.52, 4H). EI-HRMS:  calcd 422.0858 (C20H22O6S2), found 422.0858. 
 
Bis[2-((4-methoxycarbonylphenylcarbonyl)oxy)ethyl] Disulfide (5). 1H NMR (300 MHz) 
CDCl3:  8.098 (s, 8H), 4.629 (t, J = 6.525 Hz, 4H), 3.956 (s, 6H), 3.105 (t, J = 6.51, 4H). EI-
HRMS:  calcd 478.0751 (C22H22O8S2), found 478.0756. 
 
Bis[2-((3,4-methylenedioxyphenylcarbonyl)oxy)ethyl] Disulfide (6). 1H NMR (300 MHz) 
CDCl3:  7.651 (d, J = 9.78 Hz, 4H), 7.462 (s, 2H), 6.827 (d, J = 8.19 Hz, 4H), 6.034 (s, 4H), 
4.550 (t, J = 6.53, 4H), 3.061 (t, J = 6.51, 4H). EI-HRMS:  calcd 450.0445 (C20H18O8S2), found 
450.0443. 
 
Bis[2-((4-pyridinylcarbonyl)oxy)ethyl] Disulfide (8). 1H NMR (300 MHz) CDCl3:  δ 8.737 
(d, J = 6.00 Hz, 4H), 7.799 (d, J = 6.03 Hz, 4H), 4.595 (t, J = 6.50 Hz, 4H), 3.052 (t, J = 6.51 Hz, 
4H). EI-HRMS:  calcd 364.0558 (C16H16N2O4S2), found 364.0552. 
 
Bis[2-((4-formylphenylcarbonyl)oxy)ethyl] Disulfide (9). 1H NMR (300 MHz) CDCl3:  10.105 
(s, 2H), 8.203 (d, J = 7.8 Hz, 4H), 7.955 (d, J = 8.4 Hz, 4H), 4.649 (t, J = 6.60, 4H), 3.116 (t, J = 
6.60, 4H). EI-HRMS:  calcd 418.0552 (C20H18O6S2), found 418.0545. (It was prepared in a 
similar way without ethanol recrystallization). 
 
DL-Thioctic-N-succinimidyl Ester (10). 10 was prepared according to ref 18. 
 
Preparation of Self-Assembled Monolayers (SAMs) of the Disulfides. Gold wires (0.5 mm 
diameter, 99.99%) were boiled in 68% nitric acid overnight, removed from the nitric acid, and 
rinsed thoroughly (more than 10 times) with deionized water (>18 MΩ). The gold wire was 
heated in a natural gas/O2 flame to form a ball of 0.08−0.12 cm2 area and annealed in deionized 
water. The exposed wire was sealed in a glass capillary. The gold ball was reheated in the flame 
and then cooled in a stream of argon gas. Since it is known that the S−S bond of the disulfide is 
broken when a bond forms between the S atoms and the Au, the SAM19was formed by placing 
the electrode into a solution of ethanol and dichloromethane (1:1) that contained 1 mM disulfide 
for 2 days. The SAM modified electrodes were thoroughly rinsed with dichloromethane and 
water upon removal from the disulfide deposition solutions. 
 
Electrochemical Measurements. Cyclic voltammetry was performed with an EG&G PAR-283 
potentiostat that was controlled by a Pentium-466 PC running version 4.30 of PAR's M270 
software and a GPIB board. A platinum wire auxiliary electrode and a Ag/AgCl (3 M NaCl) 
reference electrode, from BAS, were used in a three-electrode configuration with a working 
electrode. Gold electrodes modified with SAMs were used as the working electrode. All 
measurements were performed in a solution of 50 μM cytochrome c and 25 mM phosphate 
buffer at pH 7.0 under an argon atmosphere at room temperature. Impedance measurements 
(EIS) were performed in a three-electrode cell using a VoltaLab PGZ407 universal potentiostat 
to determine the capacitances of the SAMs and resistances of the 25 mM phosphate buffer 
solutions (pH of 7.0) containing cytochrome c. The resistances of the solutions containing 
cytochrome c were found to range from 10 to 300 Ω; the average and standard deviation values 
were 79 ± 79 Ω. The capacitances of the SAMs in the systems of (4) to (11) were 1.2 ± 0.6 
μF/cm2. 
 
Calculation of the Molecular Lengths. The molecular lengths for the SAMs, discussed later, 
were calculated from a geometry optimized structure that was obtained by an MM+ molecular 
mechanics force field calculation, using Hyperchem 5.1. The lengths reported in Table 1 are 
evaluated between the furthest atoms:  the S where the molecule links to the gold surface and the 
H on the end moiety (or the N in the pyridinyl moiety). 
 
III. Results and Analysis 
 
Chart 1 shows the molecular structures of 11 disulfide compounds (1−11) that were used to 
create SAMs on Au ball electrodes. Cyclic voltammograms were collected as a function of 
voltage scan rate for each of the SAMs. Figure 1 shows cyclic voltammograms of 
cytochrome c in solution for the SAMs composed of compounds (4−11) on gold electrodes at a 
voltage scan rate, v, of 20 mV/s. Cyclic voltammograms for the electrodes that were coated with 
SAMs of 1, 2, and 3 did not show any faradaic peaks. Table 1 presents the apparent formal 
potentials E0‘ and the parameter |Ep − Ep/2| for the electrodes coated with SAMs of 4 through 11. 
As can be seen in Table 1, the E0‘ values of cytochrome c were observed to lie in the range from 
−1 to 10 mV versus Ag/AgCl. These E0‘ values are intermediate between that observed for 
cytochrome c at hydroxyl terminated SAMs (69 mV)20 and that for cytochrome c adsorbed on 
carboxylic acid terminated SAMs (−32 mV)21and are close to the E0‘ of ∼30 mV versus 
Ag/AgCl reported for cytochrome c at 4-pyridinylthiol coated electrodes.22 It is known that the 
formal redox potential of cytochrome is affected by interactions with extrinsic factors, e.g., the 
solvent and the electrode.9,23Recently, Whitesides and co-workers24suggested that the formal 
potential is affected by of the nature of the monolayer coating an electrode and its interaction 
with the adsorbed protein. However, the data obtained for the nonadsorbing case, reported here, 
does not show a clear trend, in part because of the error of ±2 mV in the E0‘ determination and 
the small range of values from −1 to 10 mV. In contrast, a clear trend between the expected 
hydrogen bond interactions, using Gibbs free energy for hydrogen bond complexation between 
the cytochrome and the SAMs, and the observed electron-transfer rate constants can be identified 
(vide infra). 
 
For the hydrophobically terminated SAMs of 1−3, no faradaic response is discernible from the 
background current. Others24,25 have reported that cytochrome c could be immobilized on 
alkanethiol monolayers, probably in a denatured form. The failure to observe a faradaic response 
indicates a very negative shift of the formal potential, outside of the voltage scan range in this 
work, and/or an electron-transfer rate constant that is very slow. In solution, the hydrophobicity 
of the layer could cause a larger average distance between the cytochrome c and the electrode 
surface, leading to a reduction in the electron-transfer rate constant. For example, incorporating a 
single hydration layer of H2O between the cytochrome and the SAM is expected to cause a 10-
fold reduction in the observed rate constant that would reduce the peak current by 10 times and 
result in a larger peak separation ΔEp. It is possible to estimate an upper bound on the rate 
constant. If it is assumed that ΔEp is 800 mV (the potential window of this study), the 
concentration of the cytochrome c at the surface is that of the bulk, and the systems 1, 2, 
and 3 are irreversible, then the electron-transfer rate constant k0 is less than 10-6 cm/s.26a 
 
Table 1 reports the values of |Ep − Ep/2| for the SAMs of 4−11. Most of the systems have 
|Ep − Ep/2| values that lie between 56 and 70 mV for a scan rate of 20 mV/s. For a fully reversible 
system, the value of |Ep − Ep/2| should be 56.5 mV. In contrast, the SAM of 10 has an |Ep − Ep/2| 
value of 107 mV, which is much larger than that expected for a fully reversible system.26 It is 
also evident that the SAM of 10 has the slowest rate constant and is the least likely to appear 
reversible. The change in peak shape for this system can be accounted for by consideration of the 
redox couple's quasi-reversible nature. 
 
To understand and quantify the relative importance of mass transport to the electrode surface and 
the electron-transfer rate constant, one must solve the coupled diffusion and kinetics.26c The 
nature of the voltammogram (the peak current Ip, the peak potential Ep, and the half-peak 
potential Ep/2) can be characterized by the transfer coefficient α and the following unitless 
parameter 
 
 
 
in which DR is the diffusion constant of the reduced species, DO is the diffusion constant of the 
oxidized species, n is the number of electrons transferred per species, k0 is the apparent standard 
rate constant, and v is the scan rate. The parameter Λ provides a measure of the electron-transfer 
rate as compared to the redox species diffusion to the electrode and the voltage scan rate. Table 1 
lists Λ for each of the systems at a scan rate of 20 mV/s.27 The k0 values were obtained by 
Nicholson's method,28 as described later. As can be seen in Table 1, the SAMs composed of 8, 9, 
and 11 have values of Λ that are greater than 10, indicating that they behave reversibly at this 
scan rate. The systems 4−7 have values of Λ ≈ 1, and that of 10 is Λ ≈ 0.1, suggesting a 
deviation from the reversible-like behavior even at this small scan rate.29 When the system is 
completely irreversible, the peak current is proportional to the square root of the voltage scan 
rate, but the value of |Ep − Ep/2| is given to be 47.7/(αna) at 25 °C, where na is the effective 
number of electrons in the rate-determining step.26 If α = 0.5 and na = 1, then the value of 
|Ep − Ep/2| is 95.5 mV, which compares reasonably well for the case of SAM (10). 
 
 
 
 
 
 
 
 
 
 
 
Scan Rate Dependence. The scan rate dependences of the cyclic voltammograms were studied 
for each system. Figure 2 presents cyclic voltammograms for electrodes coated with the SAMs 
of5 and 8 in contact with 50 μM cytochrome c, at v = 20 and 600 mV/s, representing the cases of 
Λ ≈ 1 and Λ ≥ 10. The background current was subtracted from these data to better illustrate the 
peak behavior with scan rate. As can be seen in Figure 2, the peak currents for 5 and 8 increase 
with an increase in the scan rate, and the peak positions shift apart. The peak currents in the 
systems of 4−9, and 11 with the values of Λ ≥ 1 were found to be proportional to the square root 
of the scan rate, which indicates that these systems are controlled by diffusion of cytochrome c in 
solution.26 The SAM composed of 10 did not respond in this well-behaved manner, which will 
be discussed later. Details of this analysis are provided in the Supporting Information. 
 
 
 
The observed peak potential Ep shifts with scan rate because the electron-transfer reaction 
becomes less reversible as the scan rate increases.29,30 This effect may be appreciated by 
considering the case where the scan rate is faster than the electron-transfer rate. In this instance, 
the potential of the electrode passes by the E0‘ more rapidly than the relative concentrations of 
the reactant and product can change to maintain equilibrium. In general, the observed peak 
potential depends on the relative values of the scan rate and the electron-transfer rate, and 
smaller electron-transfer rates result in larger peak separations at a given scan rate. In Figure 2, 
the voltammograms for the SAM of 8, with a Λ value of 49.9, show a small shift of 8 mV. On 
the other hand, the cyclic voltammograms for the SAM of 5with the Λ value of 1.6 has a peak 
shift of 34 mV for the oxidation peak and 42 mV for the reduction peak. Qualitatively, it is 
evident that the electron transfer of cytochrome c through 8 is much faster than that through 5. It 
is important to design the electrode configuration so that potential drops from nonfaradaic 
processes are minimized. The effect of the voltage drop arising from the solution resistances on 
the observed potential is found to be negligible, based on the average solution resistance of 79 Ω 
described in the Experimental Section. Honeychurch and Rechnitz31 investigated the impact of 
the SAM properties on the cyclic voltammograms, under the assumption of no significant 
interaction between electroactive molecules and the monolayer. They found that the potential at 
the top of the monolayer depends on the potential of zero charge of the electrode, the amount of 
charge on the monolayer, and the capacitances of the film and the diffuse layers. This effect 
becomes significant when the capacitance of the monolayer exceeds 5 μF/cm2, resulting in a shift 
of the peak potential. In this study the capacitances of the SAMs were kept below 2 μF/cm2 to 
minimize such effects. 
 
Figure 3 shows cyclic voltammograms for the SAM of 10 at scan rates ranging from 20 to 80 
mV/s. The background current was subtracted from these data. As can be seen in Figure 3, the 
reduction peak current increases with the increase in scan rate, and it is found to be proportional 
to the square root of the scan rate (see the Supporting Information). The value of |Ep − Ep/2| is 
independent of the scan rate and lies between 104 and 115 mV (average = 110 mV) however. In 
contrast, the oxidation peak current decreases from 132 to 103 nA, and the value of |Ep − Ep/2| 
increases from 107 to 170 mV as the scan rate increases from 20 to 80 mV/s. This large 
deviation from the reversible-like behavior is consistent with the small value of Λ ≈ 0.1 for the 
SAM of 10 and indicates quasi-reversible behavior for the electron transfer of 
cytochrome c through the SAM of 10 at these scan rates. Furthermore, the asymmetric behavior 
indicates that the deviation from the reversible-like behavior is larger for oxidation than for 
reduction; i.e., the electron-transfer rate for the oxidation is slower than that for the reduction. 
 
For all of these SAMs, the cytochrome c was not immobilized on the surface. As described 
above, the electron-transfer rates in these systems are controlled by diffusion of cytochrome c in 
solution, as judged from a plot of the peak current versus the square root of the scan rate. In 
addition, after the voltammetry measurements were performed in the cytochrome c solutions, the 
electrodes were immediately placed in a blank buffer solution and the current−voltage scans did 
not show any faradaic response. Together, these results provide compelling evidence that the 
cytochrome does not adsorb to the surface for time scales longer than the characteristic time of 
electron transfer. 
 
Obtaining k0. The change in ΔEp with scan rate can be used to quantify the standard 
heterogeneous electron-transfer rate constant k0, using Nicholson's method.26,28 To describe the 
deviation from equilibrium, Nicholson solved the diffusion-reaction equations for triangular 
potential waves (E(t) = Ei − vt) like those used in cyclic voltammetry. He numerically calculated 
the change in peak separation ΔEp as a function of the system parameters. A table of ΔEp as a 
function of the reduced rate constant is given in ref 28 and was used to determine the k0 values. 
Table 1 presents the logarithm of k0 for cytochrome c through the SAMs 4−11. The analysis 
assumes that the transfer coefficient α is 0.5 and the diffusion constants for the reduced and 
oxidized cytochrome are the same, DR ∼ DO = 4.7 × 10-7 cm2/s.20 Note that the k0 values of 
cytochrome c for 8 and 11 are about 1000 times faster than that for 4 and 10. 
 
A number of factors determine the standard electron-transfer rate constant at the coated 
electrode, including the film thickness, chemical composition and structure of the SAM, and the 
affinity between the SAMs and the cytochrome. Walton and co-workers5a reported k0 values of 
horse heart cytochrome c in solution using more than 50 surface modifiers containing 
compounds related to pyridine, aniline, carboxylate, phosphate, sulfonate, and so forth. They 
identified four classes of behavior:  I, no response; II, k0 ≤ 10-4 cm/s; III, 10-4 cm/s ≤ k0 ≤ 10-
3 cm/s; IV, k0 ≥ 10-3cm/s. Walton et al.5a rationalized these behaviors with pKa values and 
molecular conformations of the promoters qualitatively but did not attempt to quantitatively 
compare the electron-transfer rate constants with the hydrogen bond interactions. As can be seen 
from Table 1, the SAMs of 5−9 and 11 would be categorized in class IV, while the SAM 
of 4 lies in class III, and the SAM of 10 lies in class II. 
 
It is well-known that the distance between the electrode and the cytochrome in solution can 
affect the electron-transfer rate constant. It is believed that there are two regimes in the electron-
transfer mechanism, i.e., adiabatic (a strong electronic coupling) and nonadiabatic regimes (a 
weak electronic coupling).30,32 If the electron-transfer belongs to the adiabatic regime, then the 
distance dependence of the rate constant is negligible.30,32 If the electron-transfer lies in the 
nonadiabatic region, the electron-transfer rate constant would decrease by about one-third for 
each angstrom change in the film thickness.7 Since the adiabatic and nonadiabatic regimes 
depend on the electron-transfer distance,32 it is important to know the electron-transfer regime 
for the minimum electron-transfer distance in this study. 
 
Table 1 lists the calculated molecular lengths for each of the SAMs of 4−11. The lengths range 
from 8.9 Å for 11 to 12.3 Å for 5, and the average length is 10.2 ± 1.3 Å. Since the effect of the π 
structure on the phenyl groups in the SAMs of 4−9 should enhance “through-bond” 
interactions,33the effective electron-transfer distances for the systems 4−9 would be shorter than 
the physical distances and makes the lengths more comparable to that of 10 and 11. When an 
electron-transfer distance of 5 Å in cytochrome c34 and a distance of 2 Å between the end sulfur 
of the SAMs and the substrate7b are added to the average molecular lengths of 10 Å, the 
minimum electron-transfer distance in this study should be around 17 Å, which may be in the 
intermediate regime between the adiabatic and nonadiabatic limit.32 With the reported electron 
tunneling decay factor β = 1.07 Å-1,21,32,35 it is predicted that the electron-transfer rate constant 
changes by 40-fold in magnitude with a variation of 3.4 Å in the electron-transfer distance, the 
maximum difference in physical lengths reported in Table 1. It is also apparent from the lengths 
and rate constants that the variations are not well correlated. Therefore, the 1000 times difference 
in the rate constants from 4 to 11 cannot be explained by a simple distance effect, and the 
electron-transfer rate-determining factors must involve the interaction between the 
cytochrome c and the SAMs. 
 
IV. Discussion 
 
The apparent electron-transfer rate constant k0 is influenced by a number of system parameters. It 
is known that the intrinsic electron-transfer rate constant ket0 at the formal potential E0‘ in the 
adiabatic limit is determined by the reorganization energy λo and the characteristic polarization 
relaxation time τeff of the solvent and protein interior, whereas that in the nonadiabatic limit is 
determined by the reorganization energy λo and the electronic coupling between electron donor 
and acceptor |V|.36 Since the solvent composition is common in this study, the τeff should be 
similar between systems. One might expect local changes in the solvent structure near the SAM 
surface; however these are unlikely to cause a 1000-fold change in the polarization relaxation 
time. For a system in which the redox molecule is present in bulk solution and is transported to 
and from the electrode surface, the apparent standard rate constant k0 can be conveniently written 
using the “encounter/pre-equilibrium” approximation37 so that 
 
 
 
K is viewed as an equilibrium constant that describes the concentration of the reactant in the 
reaction zone with an effective thickness δRe and can be written as 
 
 
 
where Z is the effective charge of the cytochrome and Φr is the effective potential at the average 
distance of electron transfer (usually taken to be the outer Helmholtz plane). This potential is 
likely to be strongly influenced by the chemical nature of the SAM surface and the electrolyte 
solution. Variations in the three parameters, λo, K, and |V|, with the terminal unit of the SAMs are 
the likely causes of the rate constant differences. Assuming that the change in the apparent rate 
constant arises from changes in the activation free energy, a 1000-fold change of rate constant 
requires 0.198 eV (or 17.1 kJ/mol) change in the activation energy, ΔGact.38 This 200 meV 
energy shift could arise from the change in the effective potential (eq 3) and would be 
determined by the change in the SAM terminal group. 
 
In contrast, the change in the apparent rate constant could arise solely from changes in the 
intrinsic rate constant. In this case it is possible to estimate the required changes in the solvent 
reorganization energy and/or the electronic coupling for the different SAM coated electrodes. 
Given the large distance of more than 17 Å for the electron transfer, the electron transfer is taken 
to lie in the nonadiabatic regime, or near it.32 In this limit, the intrinsic standard rate 
constant ket0at the formal potential E0‘ can be written, as7,32 
 
 
 
where ρm is the density of electronic states in the electrode, and the activation free energy is 
given by  
 
 
 
From eq 5 and assuming that |V| ≪ λo, which is consistent with the assumption of 
nonadiabaticity, a 1000-fold reduction in the rate constant requires a 0.7 eV change in the 
reorganization energy ((λo)1000 ≈ (λo)1 − 0.685 in eV, where the subscript on (λo) indicates the 
relative change in the rate constant). When (λo)1000 = 0.7 eV, the 1000-fold reduction in the rate 
constant can result from a 2-fold enhancement in the reorganization energy. Alternatively, one 
might assign the entire rate constant change to the change in |V|. If the λo is not changed, the 
1000-fold drop in the rate constant requires a 32-fold reduction in |V|. 
 
It is known that the reorganization energy is comprised of inner- and outer-sphere 
components.36Because the inner-sphere reorganization energy, associated with the heme, for 
cytochrome c is small (≤0.03 eV),39 the discussion focuses on the outer-sphere reorganization 
energy, which is affected by the dielectric constant of solvent and the protein shell.40 Since the 
dielectric constant of water at the liquid−solid interface region is different from the bulk 
value,41 the reorganization energy in the interface region should also change from that in the 
bulk. For the case of an aqueous solution, a hydrophobic SAM surface is found to reduce the 
polarity of solvent, while a hydrophilic surface enhances the polarity.41a Liu and Newton42 used a 
continuum model to predict the outer-sphere reorganization energy at three component 
(electrode, SAM, liquid) interfaces. They reported that the outer-sphere reorganization energy 
depends on the size of redox species, the distance of the redox species from the top of the SAM 
on the electrode, the SAM thickness, and the dielectric constants of solvent, film, and the 
electrode. Using their result, one can predict the change in the reorganization energy. If the 
dielectric constant varies by ±30 from the value of 80 for the bulk water,43 the reorganization 
energy changes very little, from 0.61 eV for a dielectric constant of 50 to 0.63 eV for a dielectric 
constant of 110, at a film thickness of 12 Å (see ref 42 for more details). A more important effect 
is the variation of the reorganization energy with film thickness. At an average thickness of 12 Å, 
a ±2 Å variation causes a deviation of ±0.02 eV in the reorganization energy. In addition, the 
hydrophobic surface reduces the reorganization energy, whereas the hydrophilic surface 
increases the reorganization energy. This trend is opposite to that observed experimentally. From 
these considerations, the 1000-fold enhancement in the rate constant is unlikely to be caused by a 
change in the reorganization energy, which can arise from a change in effective dielectric 
constant near the SAM surface. 
 
The electronic coupling term's distance dependence is well characterized by |V| = |V0| exp(−βr/2), 
where |V0| is the electronic coupling matrix element at the minimum electron donor−acceptor 
separation distance (defined as r = 0), β is the electron tunneling decay factor, and r is the 
electron donor−acceptor distance. Since ket0 is proportional to |V0|2 exp(−βr), the electronic 
coupling interactions are very sensitive to the electron donor−acceptor distance. However, as 
discussed above, the variation of film thickness alone cannot explain the 1000-fold enhancement 
in k0. Hydrogen bonding interactions have been linked to electron-transfer efficiency in other 
studies. Beratan et al.44 have proposed the use of electron transfer pathways for proteins in the 
nonadiabatic regime and determined how different interactions, namely covalent bonds, 
hydrogen bonds, and through-space interactions, contribute to the electron transfer. Sek et 
al.45a also reported an enhancement of electron transfer rate constants for alkanethiol chains that 
contain an amide moiety and ascribed it to a hydrogen bond network that links the chains 
together and increases the efficiency of electron transfer pathways. It is believed that positively 
charged lysine groups (−NH3+) on the cytochrome c periphery facilitate electrostatic and 
hydrogen bonding interactions with some SAMs,3-6 and it has been recognized that the 
orientation of cytochrome c at the surface is an important factor for electron transfer from 
cytochrome c.3-6 In fact, the distance from the iron in the heme to the edge of the heme that is 
exposed to the cytochrome's surface is 7 Å, whereas those from the iron to hydrophobic residues 
Proline 44, Proline 76, Isoleucine 57, and Valine 3 on the horse cytochrome c's surface are 
16−20 Å.46 Clark and Bowden21e reported that the electron-transfer rate constant depends on the 
adsorption state of the cytochrome c. From the above considerations, it is evident that 
the electronic coupling strength between the cytochrome and the electrode will depend on the 
orientation of the cytochrome c at the surface, because it changes the heme's distance from the 
electrode. The orientation of the cytochrome from the surface will depend on the hydrogen bond 
interactions between the cytochrome periphery and the SAM. Because it was demonstrated that 
the interaction between the cytochrome and the SAM does not immobilize the protein, we 
suggest that the electrostatic and hydrogen bond interactions act to orient the protein or to pull 
the protein's redox active heme closer to the surface and improve the electron-transfer efficiency. 
 
If the hydrogen bond interactions between the cytochrome and the SAMs of 4−11 are 
determining the cytochrome's surface proximity, then a quantitative measure of this interaction 
should correlate with the electron-transfer rate constants shown in Table 1. The model discussed 
below is used to quantify the strength of the hydrogen bond interactions between the cytochrome 
and the SAMs. Assume the following reaction for formation of a cytochrome to SAM hydrogen 
bond 
 
 
 
where Cyt−NH3+···OH2 is hydrated cytochrome c, H−O−H···SAM is hydrated SAM, and the 
Cyt−NH3+···SAM is an adduct formed between cytochrome c and the SAM. This net reaction 
can be decomposed into the following three equilibria 
 
 
 
where Ki (i = 1, 2, 3) is the equilibrium constant in each case. Abraham and co-workers15 have 
developed an empirical method to predict the equilibrium constants for acid−base adduct 
formation. The equilibrium constant K is given by 
 
 
 
where α2H and β2H parameters are obtained by the following equations 
 
 
 
and 
 
 
 
The values of log KAH for acids are statistical parameters that are obtained by fitting the 
log Kvalues for a series of acids against reference bases. Correspondingly, the values of 
log KBH for bases are obtained by fitting the log K values for a series of bases against reference 
acids. The parameters of α2H and β2H have been reported for more than 300 acids and 200 
bases.15 
 
By use of eqs 10−12 and the parameters α2H and β2H from ref 15, the Gibbs free energy change 
ΔG for the equilibria 7 to 9 can be found via −ΔG = RT ln(K). Table 2 presents Gibbs free energy 
changes ΔG1 and ΔG2 for the equilibria in eqs 7 and 9. Table 3 lists the parameter values for 
compounds whose functionalities correspond to the end moieties of the SAMs used in this study, 
i.e., pyridine, 1,4-dioxane, cycloalkanes, RCOOR, Et−NH2, MeCONMe2, and Ph−R, where Ph is 
a benzene, and R = −OMe, −CO−OMe, −CN, and CHO. The binding to the cytochrome c was 
assumed to occur through the lysine group (−NH3+), whose pKa value was taken to be 10.1.47 A 
Gibbs free energy change ΔG3 for the equilibrium in eq 9 was determined from the parameters in 
Table 3 and found to be −3.6 kJ/mol. The net Gibbs free energy change Δ(ΔG) for the 
equilibrium 6 is given by 
 
 
 
Figure 4 shows a plot of log(k0) versus −Δ(ΔG) for the SAMs of 4−11. The correlation 
coefficient for a linear fit to these data is found to be 0.92, if the 10-2 point is excluded. This 
correlation strongly suggests that the standard electron-transfer rate constants k0 for the 
cytochrome c is associated with the hydrogen bond interactions between the cytochrome c and 
the SAMs. As can be seen in Figure 4, the point of 10-1, obtained by the parameters of 
cycloalkanes, correlates well with the linear fitting, but that of 10-2, obtained by those of 
RCOOR, does not. The geometry optimization of compound 10 revealed a bent molecular 
structure, resulting from interactions between the oxygens on the succinimide and COO moieties, 
rather than an extended structure. This geometry suggests that the exposed SAM surface 
of 10 could be dominated by the hydrophobic aliphatic moiety rather than the hydrophilic 
−COO− moiety. It should be pointed out that the Δ(ΔG) values shown here do not represent the 
free energy associated with adsorption onto the SAM in an absolute sense because they do not 
account for all of the factors in the equilibria 7 through 9. Furthermore, pKa values are known to 
decrease with increasing dielectric constant of the solvent, and this could effect the 
parametrization.48 Rather, the Δ(ΔG) values provide a good measure of the relative strength of 
interaction between the cytochrome c and the layer. 
 
 
 
 
 
 
From these discussions, it can be concluded that the 1000-fold enhancement in the electron-
transfer rate constants is linked to the hydrogen bond character of the SAM surface. The change 
in rate constant does not appear to arise from a change in reorganization energy. In fact, a 
continuum model predicts a trend opposite to that needed to explain the data. Nevertheless, it is 
not possible to rule out some specific effect on the reorganization energy. The change in the 
electronic coupling with the hydrophobicity of the surface could explain the findings and could 
arise from at least two sources. First, the different hydrogen bonding surfaces can cause a change 
in the protein's orientation to the electrode and vary the tunneling distance between the heme and 
the electrode surface. Second, the presence of hydrogen bond interactions between the protein 
and the SAM, as opposed to van der Waals contacts, provides more efficient tunneling pathways 
between the electrode and the protein. Alternatively, the change in the apparent rate constant 
could arise from a change in the effective potential Φr at the surface, which is correlated with the 
change in hydrophilicity. The relative change in the hydrogen bond free energy through the 
series of SAMs is about 10 kJ/mol, or 0.1 eV. If all of the change in rate constant arose from this 
factor, it would require about two hydrogen bond interaction energies. 
 
Summary 
 
In summary, the electron-transfer rate constants of cytochrome c through 11 different SAMs on 
gold electrodes were observed to range from ≤10-4 to ∼10-1 cm/s. It was found that the electron 
transfer rate constants are strongly correlated with the Gibbs free energy of hydrogen bond 
adduct formation between cytochrome c and the SAMs. The change in the apparent standard rate 
constant k0 of the cytochrome resulting from the different SAMs can be explained by changes in 
the electronic coupling and the effective potential near the surface. 
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